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Abstract: Soliton molecules, bound states composed of interacting fundamental solitons, exhibit 
remarkable resemblance with chemical compounds and phenomena in quantum mechanics. 
Whereas optical molecules composed of two or more temporally locked solitons have been 
observed in a variety of platforms, soliton molecules formed by bound solitons at different 
frequencies have only recently been theoretically proposed. Here, we report the observation of 
polychromatic soliton molecules within a mode-locked laser cavity, achieving the desired 
dispersion by implementing a spectral pulse-shaper. This system supports two or more coincident 
solitons with different frequencies, but common group velocities. Our results open new directions 
of exploration in nonlinear dynamics within systems with complex dispersion and offer a 
convenient platform for optical analogies to mutual trapping and spectral tunneling in quantum 
mechanics. 
 
Solitons, solitary waves exhibiting particle-like behavior, are ubiquitous in numerous nonlinear 
physical systems, including waves on a water surface, plasmas, sound waves in superfluids, Bose-
Einstein condensates and ultrafast lasers (1–4). In optics, soliton effects have been used to generate 
ultrashort pulses from solid-state and fiber laser cavities (5, 6) and are fundamental building blocks 
of complex and very significant phenomena such as supercontinuum generation (7) and frequency 
combs (8, 9).  Conventional optical solitons arise from the balance between self-phase modulation 
(SPM) and negative quadratic dispersion.  Higher order dispersive effects have historically only 
been studied as perturbations of conventional temporal solitons, limiting the pulse duration, energy 
achievable or even affecting the stability of mode-locked lasers (10–14). 
 
This paradigm changed with the discovery of pure-quartic solitons (PQSs), a novel class of shape-
maintaining pulses (15). In the formation of PQSs, the SPM is counterbalanced by negative quartic 
(
4
< 0) dispersion. PQSs display distinctly different characteristics from conventional solitons 
(16), some of which are of interest for application in microresonator-based frequency combs and 
ultrafast lasers (17–19). Despite these differences, numerical studies have recently shown that 
conventional solitons and PQSs are special cases of a broader family of Generalized Dispersion 
Kerr Solitons (GDKSs), arising from the interplay between Kerr nonlinearity and a combination 
of quadratic and quartic dispersion (20, 21). 
Amongst this vast family, Tam et al. numerically discovered a set of intriguing members which 
form in the presence of positive quadratic and negative quartic dispersion (20). These pulses 
consist of two solitons centered at two different frequencies, with identical group-velocities, which 
 2 
 
form a bound state. The associated temporal shape consists of a fast carrier modulated by a meta-
envelope, so called because it modulates a function which itself is an envelope (20). Other 
numerical studies reported similar solutions in passive and dissipative systems and interpreted 
them as a novel type of soliton molecule (22, 23). These localized solutions exhibit striking 
analogies with quantum mechanical trapping and spectral tunneling, as each spectrally distinct 
soliton creates an attractive potential well that traps the other and the transfer of energy between 
separate spectral regions becomes possible (22).  Further, these molecules could also be of interest 
to support applications in advanced communications systems or spectroscopy (22, 24). However, 
since these pulses require a specific type of hybrid dispersion relation, their experimental 
observation is difficult.  
Here we report the generation of this new type of generalized dispersion soliton molecule from a 
dispersion managed mode-locked laser incorporating an intracavity pulse-shaper. This 
configuration, which was recently used to demonstrate the first laser operating in the PQS regime 
(19), allows for the tailoring of the net-cavity dispersion. The dispersion required for the generation 
of this new soliton bound state is achieved by applying a phase mask that is a combination of 
positive quadratic and negative quartic dispersion. Spectral, temporal and phase-resolved 
measurements confirm that the laser output pulses correspond to the type of solutions reported in 
previous numerical studies (20, 22). The output spectrum exhibits two separated peaks, while the 
associated temporal shape displays strong interference fringes modulated by a hyperbolic secant 
envelope. We then expand on our interpretation and by adjusting the net-cavity dispersion profile 
we demonstrate the generation of a soliton molecule formed by a bound state of three spectral 
solitons. Our experimental results are in excellent agreement with theoretical predictions and 
realistic numerical simulations based on an iterative cavity map, and we point out a direct analogy 
between our experiments and conventional multislit diffraction experiments in the Fraunhofer 
regime. We expect our results to expand the scope of research on soliton molecules, which have 
been the focus of extensive work over the last decade due to the analogy with matter molecules 
(25–27), to bound states between spectrally distinct regimes. We also believe that this work will 
stimulate follow-up investigation of pulse dynamics and interaction in systems with complicated 
dispersion profiles. Finally, our platform offers a convenient playground to develop optical 
analogies to quantum mechanical phenomena such as spectral tunneling or mutual particle 
trapping.  
To illustrate the concept of such polychromatic soliton molecules, we recall the conceptual 
approach reported by Akhmediev and Karlsson (28). Their description of a conventional soliton is 
shown schematically in Fig. 1A. The linear dispersion relation (), expanded about a central 
frequency 0, and in the frame moving at the associated group velocity, is denoted by the black 
curve. A soliton that is stationary in this frame is represented by a line that is horizontal (since the 
soliton is stationary in that frame) and straight (since solitons have a uniform phase), positioned 
above () by an amount KγP, where γ is the nonlinear parameter of the waveguide, P is the 
soliton’s peak power and K=½ for conventional nonlinear Schrödinger solitons. This positioning 
ensures that the soliton does not intersect with the linear dispersion relation and therefore does not 
suffer from loss to linear waves. The pulse spectrum is concentrated around the peak in (), as 
shown by the color gradient of the soliton line. The corresponding temporal profile of this soliton 
is shown in Fig. 1D.   
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In the presence of positive quadratic and negative quartic dispersion, the linear dispersion relation 
is double-peaked and symmetric about the central frequency 0 (see Fig. 1B black curve). Because 
of the presence of higher-order dispersion, the magnitude and sign of the quadratic dispersion 
varies with wavelength. While the quadratic dispersion is positive at 0, it is negative at each of 
the peaks centered at c. With () locally parabolic at c, solitons can form at the frequencies 
corresponding to each peak, producing a distinctive multi-peaked spectrum (20), as shown by the 
dashed orange curve in Fig. 1B. The frequency difference of these peaks is associated with the 
frequency of the temporal beat pattern (blue curve in Fig. 1E). The envelope of the soliton molecule 
(dashed orange curve Fig. 1E) satisfies the nonlinear Schrödinger equation with the relevant 
quadratic dispersion associated with each of the peaks in () (20). We can then generalize this 
concept to the bound states of more than two solitons. Figure 1C shows a triple-peaked linear 
dispersion relation (black curve) with peaks of equal negative curvature. Soliton atoms can form 
in each of these regions and their nonlinear binding forms a soliton molecule whose temporal 
intensity (blue curve in Fig. 1F) is again modulated by a hyperbolic secant envelope (dashed orange 
curve Fig. 1F). 
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Fig. 1. Hybrid linear dispersion relations and their corresponding solitons. From top to 
bottom; single, double and triple-peaked dispersion relations. (A-C) Linear dispersion relation 
(black). Spectrum of soliton in rest frame sitting above () by an amount ½γP. The color gradient 
represents spectral intensity with increasing intensity going from blue to yellow. The central 
expansion frequency for the dispersion relations is 0. When the pulse spectrum is localized around 
peaks in (), each dispersion relation can be approximated by the dashed orange parabolic curves. 
(D-F) Temporal intensity of solitons shown in first row (blue) and their hyperbolic secant shaped 
envelopes (dashed orange). 
 
In our experimental setup, we used a conventional mode-locked fiber laser incorporating a spectral 
pulse shaper (19) which is used to apply an arbitrary phase mask of the form   
 
𝜙(𝜔) = 𝐿 ((
𝛽2smf(𝜔 − 𝜔0)
2
2
+
𝛽3smf(𝜔 − 𝜔0)
3
6
) + (
𝛽2(𝜔 − 𝜔0)
2
2
+
𝛽4(𝜔 − 𝜔0)
4
24
) + ⋯ ) . (1) 
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The first term on the right-hand side of Eq. 1 corresponds to the phase compensating for the 
quadratic and cubic dispersion of the rest of the cavity which is dominated by single-mode fiber 
(SMF-28) segments. The cavity length is L = 21.4 m and the coefficients are fixed at 𝛽2smf =
 +21.4 ps2/km and 𝛽3smf =  −0.12 ps3/km throughout this paper, based on values reported in ref. 
(19, 29) for similar SMF. The second term accounts for the positive quadratic and negative quartic 
dispersion combination required to support the generation of the two-color soliton molecule. For 
the results discussed immediately below, we set 𝛽4 =  −135 ps4/km and we consider four different 
values of 𝛽2.  
 
The results of the spectral, temporal and phase-resolved measurements for each case are shown in 
the first four rows of Fig. 2, where each row corresponds to a different value of applied positive 
quadratic dispersion at ω0 (30).  From the top to fourth row, 𝛽2 = 0, 35, 50 and 70 ps2/km. For 
𝛽2 = 0 ps2/km the laser operates in the PQS regime (19). While the applied dispersion (orange 
curve in the left column) shows a single maximum for 𝛽2 = 0 ps2/km, for nonzero, positive 𝛽2 
coefficients, the dispersion relation displays two maxima with a spacing that is proportional to 
√𝛽2. The blue curves in the left column show the corresponding measured output spectra. As the 
value of 𝛽2 is increased, two distinct and identical maxima form in the dispersion relation and the 
spectra exhibit increasingly well-defined peaks centered at each of these maxima. For the largest 
applied positive quadratic dispersion, the spectrum comprises essentially two nearly independent 
peaks, as seen in Fig. 2D. We also note the presence of spectral sidebands corresponding to 
dispersive waves (31), and the spike at 1562 nm corresponding to a low-power continuous wave 
that does not affect our analysis.  
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Fig. 2. Measurements of two-colour soliton molecules. The first four rows show experimental 
results. From top to fourth row, 𝛽2 = 0, 35, 50 and 70 ps2/km. The net cubic and quartic dispersion 
are fixed at 𝛽3 = 0 ps3/km and 𝛽4 =  -135 ps4/km. The final row shows associated numerical results 
for 𝛽2 =  70 ps2/km. (A-D) Measured output spectra (blue) and linear dispersion relation (orange). 
(E-H) Measured spectrograms. (I-L) Retrieved temporal intensity profiles (blue), temporal phase 
(yellow) and hyperbolic secant shaped meta-envelopes (dashed). (M-O) Numerical simulations 
with parameter values matching experimental values used in D, H and L. (M) Simulated output 
pulse spectrum (black) and linear dispersion relation (orange). (N) Simulated spectrogram. (O) 
Simulated temporal intensity (black) and temporal phase (green). 
 
The middle column of Fig. 2 shows the spectrograms of the output pulses. These results 
demonstrate that the two pulses are temporally locked, even as the separation of the spectral peaks 
increases. Finally, the column on the right shows the temporal intensities (blue curve), and phases 
(yellow curve). As the value of 𝛽2 increases, the pulses start to display more pronounced temporal 
fringes under an envelope that gradually broadens and has an approximate hyperbolic secant shape. 
As the temporal fringes develop, the width of the central maximum is reduced as it occupies less 
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of the area under the meta-envelope. The full width at half maximum of the central peaks for the 
top to the fourth row are 1.89, 1.49, 1.25 and 1.03 ps. This reduction in pulse-width is consistent 
with the findings reported in ref. (20). The temporal fringe spacing 𝛥𝜏 is associated with the 
difference between the central frequencies of the soliton atoms, which are in turn determined by 
the positions of the peaks in the dispersion relation. These fringe spacings are given by 𝛥𝜏 =
 2/(2𝜔𝑐) and the measured values for 𝛽2 = 35, 50 and 70 ps2/km are 2.50, 2.19 and 1.84 ps, 
respectively. These are in excellent agreement with the expected values of 2.57, 2.14 and 1.80 ps, 
respectively. Note that the π phase jumps in the retrieved temporal phase coincide with the intensity 
nodes, indicating that the phase of each of the solitons is constant and that the phases are mutually 
locked. These results provide strong evidence that we are observing soliton molecules with 
increasing spectral separation. The soliton atoms are associated with each of the peaks in the 
dispersion relation. These solitons travel at the same group velocity, are coherent and coincident; 
their nonlinear binding leads to the formation of a soliton molecule (22).  
 
The cavity dynamics were modelled using an iterative cavity map (19). The propagation through 
each element was calculated by solving the generalized nonlinear Schrödinger equation with Kerr 
nonlinearity and dispersion up to the fourth order (30). The simulated spectrum, spectrogram and 
temporal profile, for simulation parameter values which match the experimental values in Fig. 2D, 
H and L (fourth row), are shown in the bottom row of Fig. 2 and are in very good agreement with 
the experimental results. In particular, the positions and relative amplitudes of the fringes in 
temporal intensity and the phase are all consistent with the measured results. (The complete set of 
numerical simulations for every experimental result in Fig. 2 is shown in Fig. S1). 
 
To gain more insight into these bound states, we analyzed the constituent soliton atoms 
individually. While applying a phase mask with the same 2 and 4 parameters as for Fig. 2C, G, 
and K, (third row) one of the soliton pulses was filtered using the intracavity pulse-shaper. The 
measured output spectrum is shown in Fig. 3A (blue curve) and displays a single soliton centered 
at 1562.8 nm. This is confirmed by the corresponding spectrogram shown in the inset of Fig. 3A, 
in which the dashed white lines indicate the locations of the peaks and the central wavelength in 
the linear dispersion relation. As seen in Fig. 3B (blue curve), the temporal fringes have vanished, 
and the retrieved temporal intensity now has a hyperbolic secant shape. The temporal phase 
(yellow curve) is linear across the entire pulse width, indicating that the instantaneous frequency 
is constant. This linear phase arises from the offset between the single soliton and the reference 
frequency 0. This offset of 1.97 nm corresponds to a difference in angular frequency of 1.52  
1012 rad s-1. For the 4.4 ps span of the retrieved pulse, this leads to an expected phase change of 
2.13π, in excellent agreement with the measured value of 2.08π. For comparison, we show the 
temporal shape (black dashed curve) when the short wavelength soliton is not filtered by the pulse 
shaper. 
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Fig. 3. Analysis of individual soliton atoms of the molecule. (A) Measured output spectrum 
(blue curve) and net linear dispersion relation (orange curve). The inset shows the measured 
spectrogram with white dashed lines denoting the locations of the peaks and central frequency in 
the dispersion relation. (B) Retrieved temporal intensity (blue curve) and temporal phase (yellow 
curve) of single-peaked spectrum and retrieved temporal intensity of double-peaked spectrum 
(dashed black curve). 
 
These results suggest that the soliton bound states can be qualitatively understood as the spectral 
analogue of conventional double slit interference experiments in the Fraunhofer regime (32). In 
this analogy the common envelope, which in diffraction experiments is determined by the shape 
of the individual slits, is associated with the shape of the individual solitons. This is, in turn, 
determined by the curvature at each of the maxima in the dispersion relation, and the intensity. In 
interference experiments, the rapidly varying fringes arise from the spatial interference effects 
between the two slits, whereas here they arise from the temporal interference between the two 
solitons—the period of this interference pattern is determined by their mutual spacing 𝑑, and 
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equals 2𝜋/𝑑 in interference experiments, and 2𝜋/(2𝜔𝑐) in our experiments. Using this analogy, 
it is straightforward to understand the results in Fig. 3; when one of the slits is closed the 
interference disappears.  
 
We now exploit the analogy with diffraction to generalize our interpretation to bound states of 
more than two solitons. Following the approach illustrated in Fig. 1C, we applied a phase mask so 
that the net-cavity linear dispersion has three evenly spaced peaks with equal negative curvature. 
Such a profile cannot be achieved using only quadratic and quartic dispersion, described by Eq. 1. 
Thus, we set 2 = 4 = 0 and applied a phase mask combining eighth order dispersion and a cosine 
function (30). The resulting applied linear dispersion profile is shown in Fig. 4A (orange curve). 
The associated measured output spectrum (blue curve) displays a soliton centered at each of the 
three peaks in the dispersion relation.  
 
Fig. 4. Three color soliton molecule. (A) Measured output spectrum (blue curve) and applied net-
cavity linear dispersion relation (orange curve). The inset shows the measured spectrogram. (B) 
Retrieved temporal intensity (blue curve), predicted temporal intensity (red curve), hyperbolic 
secant shaped envelope (dashed black curve) and retrieved temporal phase (yellow curve). 
 
The retrieved temporal intensity is described by the blue curve in Fig. 4B and displays primary 
and secondary maxima in good agreement with the predicted shape (red curve) illustrated in Fig. 
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1F, and which is similar to that of a three-slit diffraction experiment. Based on the spectral 
separation between the peaks of the dispersion profile, the expected fringe period for the primary 
and secondary maxima are 3.77 ps and 1.89 ps, respectively. By modulating this double period 
interference pattern with a hyperbolic secant envelope (black dashed curve) that has the same width 
as the envelope of the measured temporal intensity (full width at half maximum of 5 ps) we arrive 
at a function that corresponds to the predicted temporal shape and is shown in Fig. 4B (red curve). 
The agreement between the measured and predicted temporal shapes is remarkable both for the 
positions of the maxima and their relative amplitudes, up to the third primary maximum. We also 
note that the retrieved temporal phase is flat across the entire pulse width, aside from sign changes, 
confirming that the three pulses correspond to solitons that are mutually coherent. 
 
In conclusion, we have reported the first experimental observations of polychromatic soliton 
molecules. These solitons have novel temporal intensities and pulse spectra and we show that they 
can be thought of as bound states of multiple conventional nonlinear Schrödinger solitons which 
propagate with identical group velocities. We demonstrated that by removing one of the atoms in 
a two-color soliton molecule, the temporal fringes vanish, and a conventional soliton is recovered. 
We also reported the formation of a polychromatic soliton molecule formed by the nonlinear 
binding between three solitons. These measurements demonstrate that regions of local negative 
curvature are sufficient for soliton formation even when 2 is positive at other frequencies. Our 
observations not only confirm earlier theoretical and numerical work (20, 22, 23), but extend the 
scope of this work considerably.  
 
It is in principle possible to produce a polychromatic soliton molecule in a waveguide with fixed 
dispersion (33, 34). However, the design of such waveguides is very challenging, and the 
fabrication tolerances would likely be exceedingly tight. Thus, a crucial innovation presented here 
is the use of the intracavity pulse shaper to introduce complicated hybrid dispersion profiles. The 
ability to vary the net dispersion of the cavity, and thus to vary the pulse spectra, was crucial to 
concentrating power around the peaks in (). This “lumped-element” approach does, however, 
result in the shape of the pulse changing throughout the cavity since all the desired dispersion 
characteristics are applied in a single cavity element. This, in addition to the insertion losses, 
bandwidth and spectral resolution of the pulse shaper, limits the beat frequency and the size of the 
secondary temporal maxima. These limitations could be alleviated by using a pulse shaper with 
lower insertion losses, larger bandwidth and higher resolution. On the other hand, the fact that 
solitons molecules can be observed in our present geometry highlights their stability to significant 
perturbations. 
 
As the number of soliton atoms 𝑀 grows, the central temporal peak would become increasingly 
dominant—its peak power would grow as 𝑀2 and its width would scale as 𝑀−1. In the limit 𝑀 →
∞ the response would be the temporal equivalent of a grating. In addition to increasing 𝑀, Fig. 2 
demonstrates that the central maximum of the temporal intensity also becomes narrower with 
increasing 2. This is consistent with ref. (20) and suggests that the inclusion of moderate positive 
2 could further improve the energy-width scaling of optical pulses for laser applications (16, 19). 
The exquisite control over the net-cavity dispersion allowed by our setup offers an ideal platform 
to investigate novel molecular-like structures formed by multiple atoms in nonlinear systems. Such 
complex polychromatic solitons could provide new insights into soliton physics and other fields 
including molecular biology or quantum mechanics (35). 
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Experiments: Cavity configuration 
 
A schematic diagram of the laser cavity used in our experiments is shown in Fig. S1. The laser is 
an L = 21.44 m long erbium-doped fiber laser operating around 1560 nm that uses nonlinear 
polarization evolution for mode-locking. The pulse shaper is based on a spatial light modulator 
(Finisar WaveShaper 4000S) that produces an arbitrary phase mask and is used to adjust the net-
cavity dispersion (19). 
 
Two laser diodes producing light at 980 nm were used to couple light into the cavity through two 
980/1550 nm wavelength division multiplexers. An optical isolator ensures that light can only 
propagate in one direction within the cavity. Passive mode-locking is achieved using two fiber 
polarization controllers and a fiber polarizer to serve as an artificial saturable absorber.  
  
At a pump power of approximately 500 mW, the laser is self-starting and multi-pulsing after 
adjusting the polarization controller. Single pulsing is achieved by reducing the pump power to 
approximately 180 mW.  
 
 
Fig. S1. Laser cavity for generation of polychromatic soliton molecules. LD, laser diode; ISO, 
optical isolator; PC, polarization controller; FP, in-line fiber polarizer; PS, pulse shaper; OC, 
output coupler; WDM, wavelength division multiplexers; Er, erbium-doped fiber. 
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Phase-resolved characterization method 
 
The cavity output was coupled into the FREG apparatus (15, 36). The pulses were split into two 
branches using a 70/30 fiber-coupler. The 30% is passed through a variable delay and then to a 
fast photodiode which detects and transfers the pulse to the electronic domain. This electronic 
signal was then used to drive a Mach-Zehnder modulator which gated the power from the branch 
with 70% of the output power. Using an optical spectrum analyzer (OSA), we measured the spectra 
as a function of delay in order to produce an optical spectrogram for each pulse. We then 
numerically de-convolve these spectrograms (512x512 grid-retrieval errors < 0.003) to retrieve the 
temporal pulse intensity and phase (37). We then verified the validity of the retrieved pulses by 
reconstructing their spectrograms and by comparing their Fourier transforms to their spectra 
measured with the OSA. 
 
Numerical simulation model  
 
Numerical simulations are based on the nonlinear Schrödinger equation (NLSE): 
 
𝜕𝐴
𝜕𝑧
= −
𝛼𝑙
2
𝐴 − 𝑖
𝛽2
2
𝜕2𝐴
𝜕𝑡2
+
𝛽3
6
𝜕3𝐴
𝜕𝑡3
+ 𝑖
𝛽4
24
𝜕4𝐴
𝜕𝑡4
+
𝑔
2
𝐴 + 𝑖𝛾𝐴|𝐴|2. (1) 
 
Where A(z, t) is the slowly varying amplitude of the pulse, z is the propagation coordinate, t is the 
time in the frame of the pulse, l is the linear loss,  is the nonlinear parameter given by  = 
n20/(cAeff), where n2 is the nonlinear refractive index, ω0 the central frequency, c the speed of 
light in vacuum and Aeff the effective mode area. 
 
The gain g in the doped fiber section (and zero in all other sections of the cavity) is calculated 
using: 
 
𝑔 =
𝑔0
1 + 𝐸(𝑧)/𝐸𝑠𝑎𝑡
, (2) 
 
where g0 = 3.45 is the small-signal gain, E(z) is the pulse energy and Esat is the saturation energy. 
We multiply g(z) with a Lorentzian profile of 50 nm width to form the finite gain bandwidth 
g(z,ω0) (38). The saturable absorber is modelled by a transfer function that describes its power-
dependent transmittance 
 
𝑇(𝑟) = 1 −
𝑞0
1 + 𝑃/𝑃0
, (3) 
 
where q0 is the unsaturated loss of the saturable absorber, P(τ)=|A(z,τ)|2 is the instantaneous pulse 
power and P0 is the saturation power. The spectral pulse shaper is modelled by multiplying the 
electric field in the spectral domain by the following function  
 
𝐴() = 𝐴𝑖𝑛(𝜔)𝑒
𝑖𝜙(𝜔)𝐿 , (4) 
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Where Ain() is the amplitude modulation and () is the applied phase profile and L is the cavity 
optical path length. The insertion losses (~5.6 dB) of the spectral pulse shaper are also considered 
in the simulations.  
 
Our numerical model is solved with a standard symmetric split-step Fourier method algorithm 
(39). The dispersion and gain contributions are calculated in the frequency domain, whereas the 
nonlinear term is calculated in the time domain. For our simulations we have used an initial field 
composed of Gaussian random noise multiplied by a sech shape in the time domain. The same 
stable solutions are reached for different initial noise fields. 
 
The values of the simulation parameters are similar to the experimental values. Most of the cavity 
is comprised of SMF-28 fiber which has an l = 0.44 m-1, a mode-filed diameter (MDF) of 10.4 
m, a numerical aperture (NA) of 0.14 and  = 0.0013 W-1m-1 at 1560.5 nm. The erbium-doped 
fiber used has L = 1.5 m, MDF = 9.5 m, NA = 0.13 and  = 0.0016 W-1m-1. As the NA and MDF 
for the SMF and erbium-doped fiber segments are almost identical, we assume that the dispersion 
coefficients for both are 2 = -21.4 ps2km-1, 3 = 0.12 ps3km-1 and 4 = -0.0022 ps4km-1. 
 
The simulated output pulse characteristics for the experimental cases presented in Fig. 2 (see main 
text) are shown in Fig. S2. The first column shows the pulse spectra. In all cases the simulated 
pulses (red curves) are in very good agreement with the experimental results (black curves). The 
second column shows the simulated spectrograms, these are in good agreement with those shown 
in Fig. 2. The final column shows the temporal profiles of the pulses. The experimental (black 
curves) and the simulated (red curves) intensities are in excellent agreement, with both the 
positions and amplitudes of the fringes matching in all cases. The measured (green curves) and the 
simulated (dashed magenta) phase also agree well, with the differences attributed to arbitrary 
differences in direction of the  phase flips that correspond to the intensity nodes. 
 
 17 
 
Fig. S2. Simulated output pulse characteristics. From top to bottom row, 𝛽2 = 0, 35, 50 and 70 
ps2/km. The net cubic and quartic dispersion are fixed at 𝛽3 = 0 ps3/km and 𝛽4 =  -135 ps4/km. 
(A-D) Measured output spectra (black), simulated output spectra (red) and linear dispersion 
relation (green). (E-H) Simulated spectrograms. (I-L) Retrieved temporal intensity (black) and 
phase (green), simulated temporal intensity (red) phase (dashed magenta). 
 
Three color soliton molecule dispersion profile 
 
The phase mask applied in order to generate the net-cavity linear dispersion relation required to 
produce the three color soliton molecule (see Fig. 4) is described by  
𝜙(𝜔) = {𝐿 [(
𝛽2smf𝜔
2
2!
+
𝛽3smf𝜔
3
3!
) + (
𝛽8𝜔
8
8!
+ 0.04 (cos
2𝜋
1.5 ∙ 1012
+ 1))]} (5) 
 
for  −2.3 ∙ 1012 𝑟𝑎𝑑/𝑠 <   < 2.3 ∙ 1012 𝑟𝑎𝑑/𝑠  and  
 
𝜙(𝜔) = {𝐿 [(
𝛽2smf𝜔
2
2!
+
𝛽3smf𝜔
3
3!
) + (
𝛽8𝜔
8
8!
)]} (6) 
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elsewhere. 
 
The first term on the right-hand side of Eq. 5 and 6 corresponds to the phase compensating for the 
native quadratic and cubic dispersion of the cavity, excluding the pulse shaper, which is primarily 
composed of single-mode fiber (SMF) segments. L is the length of the cavity, 𝛽8 =  −6.7 ps8/km,  
𝛽2smf =  +21.4 ps2/km and 𝛽3smf =  −0.12 ps3/km, based on values reported in ref. (19, 29) for 
similar SMF.  
 
 
 
 
